Abstract: We calculate within the MSSM the one-loop Yukawa coupling corrections to the processes e + e − →t itj ,b ibj ,τ iτ j in order of Yukawa coupling squared. These corrections are due to the exchange of charginos, neutralinos, charged and neutral Higgs bosons, and charged and neutral Higgs ghosts. We give the complete analytical formulae. We also perform a detailed numerical analysis of the Yukawa coupling corrections, including also the SUSY-QCD corrections. It turns out that for stop and sbottom production the Yukawa coupling corrections are typically ∼ ±10% of the tree-level cross section. For stau production they are about ±5%.
Introduction
Supersymmetry (SUSY) is widely regarded as the most appealing extension of the Standard Model. For testing a specific model of supersymmetry as, for instance, the Minimal Supersymmetric Standard Model (MSSM) [1, 2, 3] precise predictions for the production and decays of SUSY particles are necessary. Within the last years one-loop SUSY-QCD corrections have been calculated for a variety of processes involving SUSY particles: for e + e − →q iqj , (i, j = 1, 2) in [4, 5] , forq i → qχ 0 k (k = 1, . . . , 4),q i → q ′χ± l (l = 1, 2), in [6] , forq i → qg in [7] , for q 2 →q 1 Z 0 ,q i →q ′ j W ± in [8] , forq 2 →q 1 (h 0 , H 0 , A 0 ),q i →q ′ j H ± in [9, 10] and for the related Higgs boson decays (h 0 , H 0 , A 0 ) →q iqj , H ± →q iq ′ j in [9, 11] , for′ →qq ′ , gg →qq,′ →qq ′ , gg →gg,→gg, gq →gq in [12] . Hereq i (i = 1, 2) are the mass eigenstates ofq,χ 0 k (k = 1, . . . , 4) the neutralinos,χ ± l (l = 1, 2) the charginos, and h 0 , H 0 , A 0 , H ± the Higgs bosons of the MSSM. The SUSY-QCD corrections have turned out to be significant, going up to 90%, depending on the SUSY parameters. The electroweak radiative corrections are expected to be much smaller as α ≪ α s , except those which originate from top, bottom and tau Yukawa couplings
(1.1)
They potentially lead to larger corrections due to the large top mass m t in h t and/or due to a large coupling h b,τ in the case of large tan β. Such (electroweak) Yukawa coupling corrections have been calculated for e + e − →χ + iχ − j in [13, 14] , forb → tχ
in [15] , and for H + → W + A 0 in [16] . The calculations have shown that also these corrections can be important. In this article we calculate the one-loop Yukawa coupling corrections to the process e + e − →f ifj (i, j = 1, 2),f =t,b,τ , ( 2) wheref i are the mass eigenstates off . These corrections are due to the exchange of charginos, neutralinos, Higgs bosons, and Higgs ghosts. They are computed in order ∼ h 2 f , h 2 f ′ , h f h f ′ with f = t, b, τ . f ′ denotes the isospin partner (e.g. f = t, f ′ = b). We work in the on-shell scheme. The calculation requires the renormalization of the sfermion mixing angle θf , which was first applied in [5] . In this paper we take a slightly modified renormalization condition for θf [15] . In principle, the computation of the Yukawa coupling corrections can be done in the unitary gauge. However, because of electroweak symmetry breaking the longitudinal components of W ± and Z 0 exchange behave as the contributions from the Higgs ghosts G ± and G 0 , also being proportional to h
This is properly taken into account by using the t'Hooft-Feynman gauge (ξ = 1) which we take here. We will see that the contributions due to the exchange of G 0 and G + are important.
Tree-level formulae
In the case of the 3 rd generation the weak eigenstatesf L andf R mix to mass eigenstatesf 1 andf 2 (mf
with the sfermion mixing angle θf . Using the rotation matrix
we can write eq. (2.1) in the formf i = Rf i1fL + Rf i2fR . The tree-level production process eq. (1.2) proceeds via γ and Z exchange in the s-channel. The cross section at tree-level is given by:
with
/s. e f is the charge of the sfermion (e t = 2/3, e b = −1/3, e τ = −1). cf is a color factor, for squarks cf = 3 and for sleptons cf = 1. v e and a e are the vector and axial vector couplings of the electron to the Z boson: v e = −1 + 4s 2 W (with s W ≡ sin θ W , c W ≡ cos θ W , θ W is the Weinberg angle), a e = −1, af ij are the relevant parts of the couplings to Zf if j , see eq. (A.1), and Γ Z is the total width of the Z boson.
One-loop corrections
The corrected cross section including SUSY-QCD corrections in O(α s ) and Yukawa [17] can be written as
The SUSY-QCD corrections ∆σ g and ∆σg are given in [5] . The Yukawa couplings corrections ∆σ yuk can be written as a sum of contributions from exchange of charginos, neutralinos, charged and neutral Higgs particles, and charged and neutral Higgs ghosts, see Fig. 1 .
where H 0 denotes the sum of contributions from neutral Higgs bosons h 0 , H 0 , and A 0 . According to eq. (2.3) the corrections can be written as:
3) (no sum over i, j) where x indicates the exchange ofχ
ij and ∆(e f ) (x) ij are decomposed as:
The upper index v denotes the vertex corrections ( Fig. 1a-f ), w the wave-function corrections ( Fig. 1g-i) , and δa (θ,x) ij is the counterterm due to the renormalization of the mixing angle θf . The latter is necessary because the couplings af ij explicitly depend on the sfermion mixing angle, see eq. (A.1). The total correction terms ∆a (x) ij and ∆(e f ) (x) ij are ultraviolet finite. In the computation we use the one-, two-, and three-point functions A 0 , B 0 , C 0 , C 1 , and C 2 [18] in the convention of [19] .
First we calculate the vertex corrections corresponding to Fig. 1a-f . We introduce the variable A 
For the one-loop graphs of (Z 0 * , γ * ) →f if j with three scalars propagating in the loop, Fig. 1a-c 
2 ) as the arguments of the C-functions. The couplings g 0 , g 1 , g 2 and the masses M 0 , M 1 , M 2 of the particles in the loop can be read off from Table 1 . The contributions from the ghosts G + and G 0 are not given explicitly because they can be easily calculated from the contributions with H + and A 0 by using the transformation rules For the one-loop graphs of (Z 0 * , γ * ) →f if j with a closed fermion loop, Fig. 1d -f, i. e. the graphs withχ ± andχ 0 exchange, one has the following generic formula:
Here the set of arguments for the C-functions is (m Table 2. name of 
The sfermion wave-function renormalization due to the sfermion self-energy graphs ( Fig. 1g-i ) with exchange of the particle(s) x leads in the on-shell scheme to
, (3.12)
, and δZ
The self-energy corresponding to Fig. 1g is
14)
. The indices i and j refer to the sfermionsf i andf j . Rf is given in eq. (2.2).
Next we treat the self-energies corresponding to Fig. 1h . The results for the graphs with the neutral Higgs particles h 0 , H 0 , and A 0 and a sfermion in the loop are
The couplings Gf ,k are given in eqs. (A.4) -(A.9). Note that for k = 1, 2 the matrices (Gf ,k ) are symmetric, therefore (
Analogously we get for the graphs with a charged Higgs particle and a sfermion in the loop, 16) with the couplings Gff ′ given in eqs. (A.10) and (A.11).
The ghost contributions Σ
, and Σ
, and Σ (H +f ′ ) ij , respectively, using eq. (3.8).
As to the self-energies corresponding to Fig. 1i , for chargino exchange we get
where the index l refers to the charginosχ
. For neutralino exchange we get
where the index k refers to the neutralinosχ
For the renormalization of the sfermion mixing angle θf we get from eq. (A.1)
We require a process independent renormalization condition for θf that involves both mass eigenstatesf 1 andf 2 (see also [15] ),
We want to point out that in the case of chargino exchange this antisymmetric combination of δZ 12 and δZ 21 is the only possible fixing condition for δθ
as a function of the off-diagonal self-energies.
Numerical results and discussion
Let us now turn to the numerical analysis. As input parameters we take the MSSM parameters MQ ,Ũ ,D,L,Ẽ , A t,b,τ , m A , µ, M, and tan β. M is the SU (2) by convention) we use the formulae of [22] ; for those to m H + we follow [23] * . In order to respect the experimental mass bounds from LEP2 [24] and Tevatron [25] we impose m h 0 > 90 GeV, mχ+
> 85 GeV, and mg > 200 GeV. Moreover, we require δρ (t −b) < 0.0012 [26] from electroweak precision measurements using the one-loop formulae of [27] and
to guarantee tree-level vacuum stability.
For stop and sbottom production we choose MQ = 225 GeV, MŨ = 200 GeV, MD = 250 GeV, A t = A b = 400 GeV, m A = 300 GeV, and tan β = 4 as an illustrative parameter point. Moreover, we consider two sets of M and µ values: a "gaugino scenario" with M = 200 GeV and µ = 1000 GeV and a "higgsino scenario" with M = 1000 GeV and µ = 200 GeV. The corresponding physical masses and mixing angles are listed in Tables 3 and 4 .
We first discuss the gaugino scenario of Table 3 : Figure 2 shows the 1-loop (SUSY-QCD [5] and Yukawa coupling) corrected cross sections of e + e − →t itj and e + e − →b ibj and the tree-level cross sections as a function of √ s. As can be seen, the radiative corrections can have sizable effects. We now study the relative importance of the various contributions to these corrections. In Fig. 3 a we show the √ s dependence of the gluon, gluino, and Yukawa coupling corrections to σ (e + e − →t 1t1 ) relative to the tree-level cross section. The gluon correction is always positive and approaches 10% of σ 0 for high √ s. In contrast to that the gluino and the Yukawa coupling corrections can have either sign. In this example |∆σg/σ 0 | < ∼ 4%; |∆σ yuk /σ 0 | can go up to 6%. The various contributions to the Yukawa coupling corrections are disentangled in Fig. 3 (Table 3 ). In this case the Yukawa coupling correction is even more important than in Fig. 3 . Together with the gluino correction it can even cancel the gluon correction. The reason is that for 900 GeV < ∼ √ s < ∼ 2000 GeV all relevant Yukawa coupling contributions are negative. Again there is a large correction due to neutral Higgs boson exchange. The correction due to chargino exchange is sizable for √ s ∼ 2µ. Notice also that here the neutralino contribution plays an important rôle.
As for sbottom production, we see in Fig. 5 a that Yukawa coupling corrections can be important, too, even for small tan β: ∆σ yuk reaches −17% of σ 0 . This is due to the top Yukawa coupling which enters the tbχ ± and thetb H ± couplings. Indeed, ∆σ H + and for √ s ∼ 2µ also ∆σχ + give the main contributions to ∆σ yuk as can be seen in Fig. 5 b. However, for √ s > ∼ 1700 GeV the Yukawa coupling correction is less important than the gluino correction because ∆σ H + and ∆σχ + are of similar size but of opposite sign.
Let us now turn to the higgsino scenario of Table 4 . Figure 6 shows the relative corrections to the cross section of e + e − →t 1t1 for this scenario as a function of √ s. Again Yukawa coupling corrections turn out to be important. In this case (small µ), however, the dominant contributions come from exchanges of the lighter chargino and neutralinos. Higgs and ghost contributions are negligible. Notice the spikes at √ s ∼ 400 GeV. In Fig. 7 we show the corrections to the cross section ofb 1b1 production for the higgsino scenario. While the gluino correction is < ∼ 0.01 σ 0 the Yukawa coupling correction is about 0.04 σ 0 for √ s > ∼ 800 GeV. For √ s < ∼ 800 GeV the contributions from H + , G + , andχ + are of comparable size; for larger √ s the chargino contribution clearly dominates.
We finally discuss the Yukawa coupling correction to the stau production cross section. This correction may be important for large tan β (large τ Yukawa coupling). It turns out that in this case ∆σ yuk (e + e − →τ iτ j ) is typically up to ±5% of the tree-level cross section. As an example, we plot in Fig. 8 the √ s dependence of the relevant Yukawa coupling correction contributions and the total correction of σ(e + e − →τ iτ i ), i = 1, 2, for ML = 280 GeV, MẼ = 250 GeV, A τ = 100 GeV, M = 200 GeV, µ = 1000 GeV, tan β = 30, and m A = 300 GeV. This leads to mτ 1 = 137 GeV, mτ 2 = 355 GeV, and cos θτ = 0.65. For the squark parameters, which are needed for the radiative corrections to the Higgs masses, we have taken MQ = MŨ = MD = 500 GeV, and A t = A b = 300 GeV. In both Figs. 8 a and 8 b Higgs boson and ghost exchanges yield the most important contributions because their couplings to staus directly involve the parameter µ. For M = 1000 GeV, µ = 200 GeV, and the other parameters as above, we get mτ 1 = 243 GeV, mτ 2 = 293 GeV, and cos θτ = 0.64. The Yukawa coupling correction again changes the tree-level cross section by < ∼ ±5% with the dominant contributions coming from chargino and neutralino loops. Higgs and ghost contributions are of minor importance in this case.
Conclusions
We have calculated the supersymmetric Yukawa coupling corrections to stop, sbottom, and stau production in e + e − annihilation. We have evaluated these corrections numerically for two scenarios, a gaugino scenario (M ≪ |µ|) and a higgsino scenario (|µ| ≪ M). It turns out that for stop and sbottom production the Yukawa coupling correction is typically ±5% to ±10% of the tree-level cross section. It can thus be as large as the SUSY-QCD correction. In the case of stau production the Yukawa coupling correction can also change the tree-level cross section by O(±5%). In the case M ∼ |µ|, where the individual charginos and neutralinos have both sizable gaugino and higgsino components, it may be that in addition to the graphs considered, also box graphs contribute. Because of the complexity of their computation, their influence will be studied in a separate article. In conclusion, we have shown that the corrections due to the Yukawa couplings are relevant for precision measurements at a future e + e − Linear Collider.
A. Couplings
In this section we give the couplings which are necessary for calculating the matrix elements corresponding to the graphs of Fig. 1 . The Z 0f * if j coupling is proportional to g/(4 cos θ W ) af ij with
af ij can also be written as 
Hered stands forb orτ . The couplings for the H ±f * if ′ j interactions are i(Gff ′ ) ij with 10) and
Note that (Gff ′ ) ij = (Gf ′f ) ji . For the interaction of Z 0 with charginos we need 12) with the real rotation matrices U and V which diagonalize the chargino mass matrix [2, 20] , (i, j = 1, 2). For the interaction of Z 0 with neutralinos we need
with the real rotation matrix N which diagonalizes the neutralino mass matrix [21] , (k, l = 1, . . . , 4). One has:χ
The chargino/neutralino-sfermion-fermion couplings are given in O(h t , h b , h τ ). The coupling matrices lf ij and kf ij are
(i, j = 1, 2) and as h ντ = 0
The couplingsâf ik andbf ik are (i, j = 1, 2) Table 3 . 
